The role of linkage disequilibrium with respect to the changes in allele frequencies at a marker locus in newly started polymorphic populations is demonstrated using the marker locus black in Triboliwn. The experiments, jointly taken, indicate that the black locus is selectively neutral, or nearly so, under the current experimental conditions.
INTRODUCTION
A SELECTIVELY neutral locus may be under indirect selection pressure because of the association of its alleles with those of non-neutral loci. This association (linkage disequilibrium involving a neutral locus) can be due to finite population size and/or recent hybridisation between groups. Therefore, apparent selection at a neutral locus is to be expected when a polymorphic laboratory stock (for a neutral marker locus) is initiated with population samples from different origin and with different genetic backgrounds.
As has repeatedly been pointed out (see e.g. Kimura, 1971; King and Dawson, 1972) , linkage disequilibrium in newly started polymorphic populations might in part be responsible for the outcome of many experiments that at first sight indicate dominance, overdominance or frequency dependent selection at marker loci. It is therefore worth while to describe an experiment which clearly demonstrates the role that linkage disequilibrium may play with respect to the behaviour of marker alleles in a pooled population.
When introducing a mutant stock into a wild-type population it is to be expected that the mutant genotype is at a disadvantage since in general laboratory practice the construction of such a mutant stock from relatively small numbers of mutant individuals involves genetic drift, resulting in increased homozygosity in its genetic background.
In a pooled population, composed with individuals from both homozygous marker stocks (and possibly their F1) the shifts in frequency of the marker alleles over generations can a priori be ascribed to: (a) Frequency or non-frequency dependent selection at the marker locus itself. Experiments with Tribolium castaneum, using a wild-type and a mutant (black) laboratory stock, were started in order to investigate which of the mechanisms mentioned above governs the behaviour of the marker alleles in a population composed of individuals from each stock and their F1. A classical F2 was used to evaluate the role of non-linked loci with respect to the fitness contrast between the original marker stocks. For reasons of sequential inference, the order in which the F2 experiment and the population experiment actually were carried out has been reversed in the presentation.
EXPERIMENTS AND RESULTS
Experiments were started with a wild-type and a homozygous black laboratory stock of the flour beetle Tribolium castaneum, to be denoted by CAW and CAB, respectively. Black (b) is an autosomal mutant affecting body colour, with intermediate expression in the heterozygote (Sokoloff, 1966) . Both stocks were kindly provided by Dr A. Sokolofl San Bernardino, California.
Populations were grown at 29°C and 70 per cent relative humidity on a standard medium of sifted whole wheat flour to which 5 per cent dried yeast was added.
The stocks CAW and CAB were crossed in both directions to obtain F1 individuals (+ Jb). Four replicate populations, each consisting of 200 F1 adults (sex ratio 1: 1) were allowed to mate and lay eggs for 2 days in order to obtain an F2 generation. After this 2-day period the adults were removed from the medium.
If differential viability is an important component of differential fitness among the F2 marker genotypes, this will result in a deviation from the 1: 2: 1 ratio among the F2 adults. Table 1 gives the observed numbers which in each of the four replicates closely fit to the expected numbers.
This indicates absence of significant viability differences among F2 marker genotypes. It also indicates that gametic selection probably played no role. From a second set of four replicate F2 populations the pupae were sexed, virgin adults were sampled and mixed in the exact 1: 2: 1 ratio (100 adults of each sex per replicate) and were kept on fresh medium for a 2-day period to produce the next generation (F1). Since no viability differences among F2 marker genotypes were found, no viability differences are expected in the F3 generation either. The observed numbers ofF3 adult marker genotypes are given in In an F2 there is approximate linkage equilibrium between marker locus and non-linked loci, and consequently only fitness loci on the marker chromosome will contribute to the fitness contrast among F2 marker genotypes. Thus, the results of the F2 experiment (i.e. existence of differential fertility among F2 marker genotypes) rule out the possibility that selection at the marker locus in a pooled population is exclusively due to non-linked loci (possibility (d) mentioned in the Introduction). and b/b) were mixed in Weinberg-Hardy frequencies; five initial frequencies of the b allele were chosen, viz.: O07, 03, 05, 07 and O9. With each initial frequency four replicate populations were started simultaneously. These 5 x 4 = 20 populations were maintained for eight generations. The adults with which each population was started were allowed to mate and lay eggs for 2 days, after which they were removed and discarded. After 35 days a random sample of approximately 500 adults of the next generation was extracted and transferred to fresh medium. After a 2-day stay these adults were removed, counted, classified and discarded. The latter cycle was repeated eight times. In this way generations were kept distinct and population size was kept approximately constant.
Notice that the conditions (including population density) during the first generation interval of this experiment and the F2 experiment are identical, i.e. the results are fully comparable.
The result of this experiment is summarised in table 3 and fig. I , where gene frequencies are plotted. From fig. 1 the following points are obvious: 1. During the first few generations there is a considerable selection pressure against the b allele. Assuming a model in which selection operates through differential fertility, the joint data of the first-generation interval yield maximum likelihood estimates 074 and 0l2 for relative fertilities of + /b and b/b respectively (relative to + /+ fertility) (the standard deviations of these estimates are 007 and 002 respectively). This gives an impression of the order of magnitude of the selection coefficients involved.
2. Selection pressure against the b allele decreases as the populations breed.
3. After about eight generations the gene frequencies reach equilibria, the equilibrium gene frequency being dependent on the initial frequency.
These results can be taken to rule out the possibility that selection operates through the marker locus itself. If selection, be it frequency or non-frequency dependent, were acting through the marker locus, the ultimate result would be an equilibrium frequency which is the same in all populations. Of course, in a number of very specific situations (e.g. certain cases of non-random mating and selective interaction with other loci) selection at a given locus can give several equilibria, the particular one reached depending on the initial frequency. However, such a mechanism must be regarded improbable in the case at hand, since each of the five initial frequencies leads to a different equilibrium. Fig. 1 suggests that the ultimate gene frequency in a population is also determined by its "history" and not only by its initial gene frequency.
This point was checked as follows. In the fifth generation virgin adults were collected from the populations started with q0 09 and q0 07; with these individuals new initial populations were set up such that the marker genotypes were in Weinberg-Hardy frequencies with q0' = 08and q0' = 0.6, respectively. The gene frequencies in successive generations of these In the following sections these models will be evaluated and discussed.
MODEL A
With this model, the estimates of relative fertilities of + /b and b/b, obtained from the data of the first-generation interval in the population experiment, are in fact estimates of the relative fertilities of genotypes at the fitness locus. These estimates can be used to obtain an estimate of the recombination frequency (r) between marker and fitness locus. Table 4 gives the genotype distribution in an F2 together with relative fertilities and mean relative fertilities per marker genotype (A-a denotes the fitness locus). Fertilities are expressed relative to Aa fertility for simplification of the algebra.
Notice that the estimates 074 and O 12 obtained earlier for fertilities of Aa and aa relative to AA fertility yield s2 = -035 and s0 = 084. (2) (1-s2)+2+ (1-s0) for the expected frequency of the b allele in the F3 generation. So with p = q = 05 the denominator of the right-hand side of equation (1) does not involve r, and one can express r as a simple function of q', s2 and s0:
For given values of s2 and s0, the maximum likelihood estimate of r is given by equation (3) into which the maximum likelihood estimate of q' is substituted. Using s2 = -035, s0 = 084 and 4' = 0.44, equation (3) 
The parameters s2, s0 and r can also be estimated simultaneously, of course, using the joint set of data of the first-generation interval of the population experiment and the F2 experiment. This yields = -0380, = 0.841 and t' = 032l, which hardly differs from the estimates obtained by the previous method. This is because the population experiment contains no information on r whilst it provides by far the most information on s2 and s0, the F2 experiment contributing hardly any information on s2 and s0.
We now can use the set of estimated parameters, (2, , ) = (-038, 0.84, 0.32), to compute the expected marker gene frequencies in further generations of the population experiment. These are shown in fig. 2 together with the observed gene frequencies. Fig. 2 shows that the estimated set of parameters of model A predict the result of the population experiment fairly well. The general trend of fig. 2 is that the predicted gene frequencies level off a little faster than the observed frequencies, indicating that the recombination frequency with model A probably has been overestimated.
MODELS B AND C
Ascribing selection coefficients to a number of loci, one has to make assumptions on the distribution of these loci over the chromosomes and on their cumulative effect on fitness. With regard to the distribution of the relevant fitness loci one might assume a uniform distribution, i.e. the loci are distributed over the chromosomes without clusters or peaks in "density ". This would be the most simple kind of distribution. However, taking into account the history of mutant stocks, it is likely that the relevant fitness loci, i.e. those loci which contribute to the fitness contrast between mutant and wild-type stock are concentrated in a region near the marker locus. This is because mutant stocks most often trace back to a small number of individual mutants. Repeated backcrossing of mutants to a wild-type stock (or other means of gene substitution) will result in substitution of the small sample of genes in the mutant by a larger sample from the wild-type stock, but alleles of loci closely linked to the marker locus have a smaller probability of being substituted than those of more loosely linked and unlinked loci. This will result in a decreasing homozygosity along the marker chromosome with increasing distance from the marker locus. The foundation of mutant stocks thus has two aspects of increased homozygosity (relative to the wild-type stock): (a) backcrossing only a small number of times causes a concentration of homozygosity in a region around the marker locus; (b) backcrossing with small numbers causes increased overall homozygosity (distributed over the whole genome).
Taking into account these considerations, it might be expected that the loci contributing to the fitness contrast between CAW and CAB are distributed over the whole genome with a concentration around the marker locus.
Fitting models B and C to the data requires additional assumptions about a number of essentially unknown parameters and relationships: marker chromosome length, relative length of the marker chromosome, cumulative effect of multiple fitness loci and a relation between map distance and recombination frequency. For this reason fitting models B and C to the data makes little sense. The distinction between the models is of course less important than the phenomenon of indirect selection at a neutral locus itself. The experiments dearly demonstrate the risk of ascribing selective forces to a neutral locus in early generations of a pooled population. In the case described here linkage disequilibrium is obvious because the wild-type and mutant stocks were not interbred to make them " isogenic" before the experiments were started. However, even when extracting homozygous strains from a population that has been polymorphic for many generations and which is in This has been pointed out by Ohta and Kimura (1969) and Kimura (1971) .
When two such homozygous marker strains are used to initiate a new polymorphic population, the expected pattern of apparent selective forces on the (neutral) marker locus is overdominance (see e.g. Ohta and Kimura, 1970) . However, as the newly established population breeds, the association between the alleles of the marker locus and those of non-neutral loci will break down and consequently the apparent selection pressure at the marker locus decreases. In such a case the changes in marker gene frequency coincide with changes in apparent selection pressure and the phenomenon is easily mistaken to be the outcome of frequency dependent selection. Fig. 3 shows a hypothetical case of decreasing selective forces on an apparent overdominant locus. Since only two extreme initial gene frequencies are used in the example of fig. 3 , each gene frequency occurs only once in the course of the experiment. Experiments of this type therefore cannot be taken as proof of real frequency dependent selection, the latter being defined as a functional relationship between the frequency of a genotype and its fitness. In order to determine whether or not selection is really frequency dependent, genotype counts must be done within one-generation interval with a range of genotype and gene frequencies. Several examples of this approach can be found in literature (Sokal and Karten, 1964; Kojima and Yarbrough, 1967) .
